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I. INT RODUCTIO N

The refractive index of the gain medium of a laser is an important

• optical parameter, especially if the index varies  spatially and tempo rally
throug hout the medium. Such refractive inhomogeneitie s of the optical medium
will disto rt the wave fronts , and , in the ultimate limit , destroy the coherence
of the laser beam along with the beam quality. Gases have , unde r no rmal
circumstances, a ref rac t ive  index so close to one that index inhomogeneities
can be neglected. Howeve r , in the vicinity of the lasing t rans i t ions  them-

• selves , the lasing medium exhibits  art anomalou s dispers ion that resul ts  in
non-negligible values of the refract ive  index. In addition , t he re f rac t ive  index
changes drastically with f requency across  the gain- l ine  profile . Both of these
effects  may cause seriou s phase dis tor t ions  in gas lasers  if the densi ty , the
gain , and the length of the laser  medium are large.  In the cw HF(DF ) chemica l

• . lasers of concern here , the situation may be aggrevated even more by the
simultaneous lasing of a large number of closely spaced vib rat ion-rotat ion
transi t ions  that may influence each other.

The gain medium of an HF(DF ) supersonic cw laser  has a p r e s s u r e  of
a few Torr , and the lasing t rans i t ions  are Doppler broadened.  The gain at
the cente r of the line is of the o rder  of a few percent per cent imeter  in these
lasers .  The t rans i t ions  are dipole t rans i t ions , and the var iat ion of the anom-

• alou s d ispers ion  as a function of f requency can be calculated f rom standard
theory . A typ ical anomalous dispersion curve for an isolated , Dopp ler-

broadened HF t rans i t ion  is shown in Fi g. 1 . As the f r equency  is changed
away from line center  in one di rect ion , the r e f r ac t ive  index i nc reases  to
a maximum that  is l a rge r  than one;  in the opposite di rec t ion , it  decreases

to a minimum that is smaller than one . Near line center , the refractive

index varies linearly with f requency .  The two extrema occu r at the f requency

______________________________________

1
H. Mirels , Inhomogeneous Broadening Effects in CW Chemical Lasers ,
to be published in AIA A Journal .
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where the gain or absorption profile reaches a value of l/ e  of that at line
center , that is , at point s that are slightly outside the full Doppler width of the

line. The magnitudes of the extrern a and the slope of the index curve at line
center are predicted to be proportional to the centerline gain or absorption

coefficient .

This model applies only to an unsaturated-gain or absorption medium .

When the medium is subjected to a high-power laser beam , the t ransi t ion will
be partly or fully saturated at the f requency where the laser mode interacts

with the medium. Since this medium is considered to be Doppler bro .±dened ,

that is , inhomogeneously broadened , the laser beam or mode will bu rn a hole
into the gain or absorption profile at the frequency of its interact ion . The

• shape and width of the hole , which is homogeneously broadened , depend s on
the power in the laser mode and on the pressure-dependent  relaxation p ro-
cesses active in the medium. If there are a large number  of modes present ,

as is the case in long cavities of hi gh-power HF chemical lasers , the inter-

actions of the modes among each other and with the gain profi le will a f fec t

the ent i re  Dopple r prof i le .  In turn , the complex satu ration process  will not
only af fec t  the gain profi le but also the variation and magni tude of the anomalous
dispersion.  The index of re f rac t ion  cu rve shown in Fig. I will be markedly
dis tor ted.

Th ese ques t ion s have recently been inves ti gated by Mirels t for  a ‘ atu-
rated 1-IF chemical cw laser .  Qualitatively, the en t i re  gain profile can be de-
pressed  fa i r ly un i fo rmly  in the laser  medium by saturat ion and cross relaxa-
tion much as for  an homogeneously broadened line , despite the fact that the
line is not p re s su re  broadened.  Along with this reduct ion in gain , the re i s a

reduction of the re f rac t ive  index; phase disto rtions should , the re fore , be small
in a wel l -sa tura ted HF laser.

The theoretical predictions of Mirels 1 so far  have been experimentally
verified only indirectly. ~? The ul t imate goal of the present  investigation is

R . A .  Chodzko , The Aerospace Corporation , unpublished data .
2A . W. Anglebeck , Investigation of HF/DF Chemical Laser Physics,  UTRC

Report No. R76-9 12128-2 6 , United Technologies Research Center , Har t fo rd ,
Conn . (March 1976).

1 

~~~~~~~~ ~~~~~~~~~~~~ 1
.
~~~

_ 

- --.-— -—_-.

~~~

--—— .- • • .• ., • •  — •-——--.. 

0~~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • - •~ — - •~~ — - - — . •.• •



to measure  the shape of the gain profi l ’ and the refractive index in the saturated

medium of an HF laser direct ly and quantitatively. As a f i r st  step in this work ,

a hi ghly sensi t ive in ter fe rometr ic  techni que was developed for  measur ing the

ref rac t ive  index , and the anomalous dispersion of three HF t r a n s i t i o n s  in an

unsa tura ted  absorber .  In this  case , it is possible to calculate the refrac-

t ive in dex f r o m  standard t heo ry  without dealing with the more  complex

problem of line sa tura t ion and to test  and cal ibrate  the exper imental  method

agains t  theo ry .

The anomalous d ispers ion  was measured  with a Mach- Zehnder inter-

feromete r i l luminated by a sing le-line, si ngle-mode, f requency-scanned, cw

HF probe laser. 3 Th e absorb ing  HF gas , con ta ined in an abso rpt ion cell , was

placed in one arm of the i n t e r f e r om e t e r .  As the probe laser  was scanned in

f r equency  across  the absorpt ion l ines , the f r i n g e s  produced by the interferom-

ete r shift  posit ion. Their  shif t  is direct ly proport ional  to the re f rac t ive  in-

dex of the absorber .  A measurement  of the f r inge  shif t  as a func t ion  of fre-

quency will , th e re fore , provide a cli rect  quanti tat ive m e a s u r e m e n t  of the

ano malous re f rac t ive  index in the v i c i n i t y  of the absorption l ine .  The maxi-

mum change of the r e f r ac t ive  index and the slope of the anomalous d ispersion

curve at l ine center  can be de te rmined  from a plot of the f r i n g e  shift  ve r sus

f r equency  re la t ionsh ip .

Since these measuremen t s  are per fo rmed in absorpt ion , three HF

ground-s ta te  t rans i tions , P 1(6) ,  P 1( 7), and P 1(8) ,  were  inves ti gated for  a

p r e s s u r e  range between 0. 05 and 10 Torr of pure HF. In a separate ser ies

of e x p e r i m e n t s , the shape of these  abso rp t ion  line s and t he i r  abso rp tion  - o e f -

• f i c i en t  at line center  were  determined for  the same p re s su re  range.  The

measured values of these quanti t ies  were  found to be in excellent agreement

with those calculated f rom standard theory in the absence of saturation

ef fec t s .

3D. 3. Spencer , J. A.  Beggs , and H. Mirels , “Sm all-Scale CW H F ( D F)
Chemical Laser , ‘ 3. Appi. Phys. 48 , 1206 (1977 ) .

- 10-
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Numerica l  calculations are p resen ted  that  app ly a bas ic  th eor y t o the

three  HF t ransi tions  in quest ion.  The U n e s  were  a s sumed  to be Dopp ler

b roadened. The calculations are based on the recent review by Mirels .  A

detailed de scr iption of the exp er imenta l  equipment  and its use in our measure-

ments  is also g iven. Our exp er ience  and that of o the r s  indicate that  the

stabili ty of the probe laser plays a crucia l  role in such m e a s u r e m en t s .  There-

fore , de tailed i n fo r m a t i o n  conce rn ing  the probe laser  is g iven , and how i ts

• inherent  instabili ty can be eliminated f rom inf luenc ing  the exper iments  is

disc ussed .  It was also found that  the probe laser is subiec t  to ex tens ive  m ode

pul l ing ~vht n it is f r e q u e n c y  s c a n n e d .  In addit ion , the ex p er im e n t a l  r e s u l t s

a re  compared  w i t h  the num e  n eal  p r e d i c ti o n s .

• • • A .  W. Ang lebeck , private communicat ion .
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U. THEORETICAL CONSIDERATIONS

A weak laser beam probing a Doppler-broadened absorption line

experiences a frequency-dependent anomalous refractive index 11(v ). Mirels 1

has recently reviewed the theory descr ib ing  this interaction for the case of

a chemical laser , which also applie s to a low-pressure HF absorbing gas.

Mirels expresses the refract ive index as

‘It

1 1 (v)  - = 
0 

~~~~ v ( n  - n 1
) D(x) ( 1)

wh e re
2 ,  -2

D (x) e~~ J e~ d~ the tabulated Dawson Integral4

0

x = (4 in Z)~~~
2 ( 

~~
v

o ) /
~~

v
D

center wavelength of absorption line (cm )

= center  f requency of absorption line (Hz )

absorption cross section of the homo ge neous line
(cm 2 ) at line cente r

full width at hal f maximum of the homogeneous line (Hz)

= full width at h~i 1f maximum of the Doppler line (Hz)

Boltzmann dis t r ibut ion  funct ion ( sec )

n 1, n 2 = densi t ies  of the lower and uppe r excited state s (cm 3)

Then ,

C~Op O~~
v H (n 2 

- n 1) 
~ 

c~~, 3(n 2 
- n 1

) (2)

4 M. Abrarnowitz and I. A. Stegun , eds. , Handbook of Mathematical  Functions,
• U .S .  Government Pr in t ing  Off ice , Washington , D . C .  (1966 ) .
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and , by definition of

aOpO~
.vH(nZ 

- n 1) = ~ c~~P (Zb)

where

~~~~
-, ~~

. = vibration-rotational absorption cross section (cm
2
)

= absorption coefficient (cm TorrY~
1 at line center

P = total pressure of the absorbing gas (Torr)

Therefore, for the refractive index as a function of frequency,

- = 
_

3
0
/2 ~0P D(x) (3 )

The variation of the index of refraction is shown as a function of frequency in

Fig. I along with the absorption of the line. From the fringe shift experiments,

two quantities can be determined , the slope of the index of refraction curve

at line center and the maximum change of the index , that is, the absolute sum

of the magnitude of the maximum and minimum of the index curve.

The maximum and minimum of the Dawson integral occurs for x ± 0.92 ;

the distance between the extrema is , therefore ,

0.92 ‘~~ DZ IV - 0 (in 2) 1/2 
1.1 2 (4)

• where for  HF,

= 4. 803 )( ~~~ f .J~ (Hz)

~ 14-
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The value for the Dawson integral at the extrema is

D(~~1) = ±0. 5381

and the absolute sum of the maximum and minimum of the index curve , the

maximum index jum p ~(11 - is

• 0 . 53 8 1 X
- = 

~ 3/ 2  
0 

= O. 1 O47 X 0a o (To (5)

The slope of the index curve at line center ( d 1/ d  ) is easily ob-
V = V0

tam ed by differentiat ion of Eq. (3 )

(in Z) 1~’~~i ‘It p
= 3/ 2 A\ 

0 ID’(x)10 
(6)

V o D

The slope of the Dawson in tegra l  at x = 0 is 1,

[D’(x)10 
= I

Therefore,

1 1d~,1 (In z)~~~
2
~0

x
0 -1

3/2
~~ 

(Torr Hz)

D (7 )

0. 149~ 
0 0

D

For a Doppler-broadened line , the separation of the extrema of the

anomalou s dispersion curve is slightly larger than the full width of the Dopple r
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lin e and is independent of pressure.  The maximum jump of the index of
refraction and the slope of the dispersion curve at line cente r are , however ,
proportional to pressure and the absorption coefficient at line center.  Values
for these quantities, calculated from the above expressions for the three

• transitions of our measurements and a temperature of T 297 K, are given
in Table 1. The values for the absorption coefficients were provided by
Houg h ’

~ and were calculated with the use of the dipole matr ix  elements of
Meredith.5

The magnitude of these quantitie s is evident when they are compared
to the average refractive index of HF and He, two gases that play an important
part in HF cw lasers, fa r away from any resonance lines. At I Torr and
297 K, the refractive index of HF calculated from its molecular polarization

is 1I-IF~ ~ = 9.8X 10~~,and for He 11
H 

- 8.4w 10~~ , the magnitude of the

anomalous index of refraction near the HF transit ions is one to two orders of
magnitude larger and dominates the r efractive index in this part of the
spectrum (Table 2).

I
3. Houg h , The Aerospace Co rporation , private communication.

5R. E. Meredith and F. G. Smith, 3. Quantum Sprectroscopy and Radiative
Transfe r 13, 89 (1973) .
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Table I. Calculated Values for Absorption Coefficient ~‘o,
Maximum Jump of Refractive Index (1/P)i~.(T1 -
and Slope of Refractive Index Curve at Line Center
(1/P)[d11/d~il vn 

for Three Transitions. Temperature
of Absorbing ~ as T = 297 K.

- 1
~ JU’ ~~~~

Line V
— L  —

~~~(Torr cm) Torr (Torr MHz)~
1

P
1
(6) 2.707 0.499 1.41 ‘~ I0~~ 6.60’< ~c~-8

P1
(7) 2.744 0.152 4.36 x io 6 2.06~~ io _ 8

P1(8) 2.783 0.038 1 .11 ~ io _ 6 
5.32 ~ l0~~

Table 2. Measured Values and Standard Deviations of Absorption
Coefficient ~~~ Slope of Anomalous 

Dispersion Curve
(I/P)(dr

~fd~~
)
~ 

at Line Cente r, and Maximum Jump of
Refractive 1n ?ex (1/P)~~(11 - 1)ju for Three HF Ground -
State Trans i t ions . Temperature of Absorbing Gas
T = 297 K.

Line ~~~~~ 

!. A (T  - .
~IIf1]

(Torr  cm) -1 V
Torr  - I(T or r MHz)

P
1
(6) 0.51 0.04 (1.53 0. 2b)~

( icr 5 (7 .48  ± 1.34)( 1(~~
8

P
1
(7) 0. IS 0.02 (5.04 1.2) x io

_ 6 
(2.19 ± 0. 55) ~ io 8

P1
(8) 0.038 ± 0.006 (1 .33  ± o. 34) ’  io 6 ( 5 . OS 1.17) x i0~~
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III. EXPERIMENTAL APPARATUS

The anomalous dispersion of resonance transitions in the visible part

of the spectrum is classically determined by the so-called “Hook Method”

developed by Rozhdestvenskii
6 and others. In this technique, a Mach-

Zehnder interferometer is used, which has the medium in one arm of the

interfe rometer and an incoherent  continuous lig ht source for illumination .

The output of the interferometer is viewed by a spectrograph, the entrance

slit of which is arranged perpendicular to the fringes produced by the inter-

ferometer.  A photog raphic record in the spectrograph exit plane show s the

fringes crossing the absorption line s of the medium . Because of the changing

anomalous dispersion of the absorbe r , the f r inges  are distorted on both sides

of the absorption lines and form two “hooks” that correspond to the two ex-

trema of the dispersion curve.

Unfortunately, this elegant method is not suitable for measurements

in the infrared : there are rio photographic plates available to record the two-

dimensional field of crossed f r inges  and absorption lines , and there are no

continuous light sources of sufficient strength in this part of the spectrum.

The in ter ferometr ic  technique is still the most direct way of measuring the

refractive index of a medium , and the problem to be faced experimentally is

p r imari ly that of finding a. method of recording the two-dimensional field in

f r inge  shift s versus frequency . The problem of a powerful light source and

of a spectroscopic instrument of suff icient ly hig h resolution can be solved

with the aid of a tunable laser.

With the use of a tunable laser and an in te r fe romete r , the f r inge  shifts

hav e been investi gated previously with a phase-sensitive heterodyne

S. Rozhdestven skii and N. P. Penkin , J. Phys. USSR 5-6, 319 (194 1).
7For a general review , see B. Bederson and W. L. Fite, Methods of E,cperi-
mental Physics, Volume 7-A: Atomic Interactions, Academic Press, N. Y.
(1968) p. 127.
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techni que. 8 This method requires a second , frequency-stabilized laser as a

local oscillator in addition to other sophisticated electronic equipment. The

simpler and more direct way of scanning the fringes with a fast mechanical

scanning mirror was used here. This method can be made to be very sensi-

t i ve .  It also permi ts  fas t  sing le scans to be made of the f r inges  in real  t ime ,

c i rcumvent ing  the problems int roduced by the poor frequency stability of the

tunable  laser .

A.  OPTICAL LAYOUT OF EXPERIMENT

The layout of the optical equipment is shown in Fig . 2. A small , elec-

trically driven HF cw-laser serves as the tunable laser light source. This

laser has been described elsewhere . 8 It could be interchangeably equipped

with a medium of either 10 or 15 cm length 1. The laser cavity consists of

a grating with 300 lines/mm and a concave mirror of 125 cm radius mounted

on a piezoelectri c transducer. Three different cavity lengths L, 37. 5, 30,

and 27. 5 cm, were used to obtain different mode separations and different

free-spectral scanning ranges. Two apertures in the cavity restricted the

laser to the TEM 00 mode. The grat ing was tuned to the desired HF line and

a spectrogr aph, not shown in Fig. 2, could be inserted into the optical path

to determ ine the lasing line. In the scanning mode , the laser typically pro-

duced an average power of 150 mW on any of the three P1 
lines used in these

experiments.

The output beam of the laser passed through a number of beam-steering

m irrors and was then enlarged eight t imes to a diameter of 3. 0 cm by a
beam-expanding telescope assembled from a CaF 2 lens with a focal leng th f

of 15 cm and a concave m i r r o r  of radius R 240 cm. The telescope was

arranged such that the beam left the exit mirror parall el.

This system illuminated a Mach- Zehnder interferometer constructed of

two beam-spli tte r plate s (SPI and SPZ) and two plane m i r r o r s  (M l  and M2)

8A. W. Ang lebeck, UTRC Report No. R76-9 12128 - 26 , United Technologies
Research Center , Hartford, Conn. (March 1976).
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mounted in 10-cm-diameter precision g imbals. The splitter plate s were

7. 5-cm-diameter Zn-Se plates coated to a reflectivity of 50% in  the wave-

leng th regime between 2 . 7  and 4 ~ n on one side and Ar coated on the other.

The interfe romete r was designed and the coatings applied to work at a 30-deg

angle of incidence to obtain a larger  aperture. Both mir rors  and splitter

plates were flat to better than X / 1 5  at 3 J.m. Mirror Ml was also mounte d

on a l inear t raversal  stage to permit  adjustment of the optical path lengths

of one of the two arm s of the interfe rometer.  The alignment of the inter fe r-

ornete r was accomplished with an He-Ne laser beam collinear with the ir beam
• and presented no difficulties. Various methods of detecting and displaying

the f r inges  formed in the exit plane of the iriterferometer were used. For

simple adjustments, a sheet of liquid crystals illuminated by a strong incan-

descent light source is very effe ctive. A more sophisticated method was

needed to view the ti,i -t e stability of the f r inges .  F i r s t , an i r  vidicon wi th

a television monitor was used.  However , this system produced too much

electrical noise for quantitiative work , so that a mechanica l  scanne r and a

single-point, liquid-nitrogen-cooled In-Sb detector was used. A Au-coated

glass prism rotated at 2800 rpm by a pulley driven electrical motor was

used as a scanner. A lens placed in front of the scanner was used to adjust

the magnification of the fringe pattern on the detector aperture . The inter-

feromete r was adjusted such that the fringes were perpendicular to the
• scanning direction .

Two absorption cells we re used in the experiments, a long cell of

46. 3 cm and a short  cell of 5. 08 cm length. Both cells had an inner diamete r

of 2. 5 cm and were equipped with an interferon-ietrically matched pai r of

CaF 2 windows. h F  gas could be flowed through the cells from a small tank.

The gas p ressure  in the cell was measured with a capacitance manometer.

A di f fus ion pump permitted the evacuation of the cell to pressures  of the
order of i0~~ Tor r .  After  an initial passivation , the HF gas in the cells
disappeared , only very slowly by wall reaction, so that most experiments

could be per formed  with a static filling of the gas.

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ r~~~~~~~~ • ~~ . • . - - -
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Dur ing the interferometric measurements a second liquid-nitrogen-

• cooled In-Sb detector, Di , was inserted into the laser beam near the laser exit
mirror to monitor the laser output power.

For the line-scanned absorption measurements, the two detectors were
moved into the two interferorneter arm s, to positions DI’  and D2’ (Fig. 2).
In these experiments, scatter plates were placed in front of the apertures of
both detectors to ensure an integrated measurement over the beam area. The

beam was interrupted with a fast chopper to produce a controlled zero-power

refe rence for the absorption measurements.

All the optical equipment except for the HF laser body, its discharge
tubes , and pum p lines was placed on an air-suspended optical table. The
laser was mounted on a separate stand that cantilevered over the table . This
arrangement effectively separated the pump vibrations from the sensitive

interferometer. It was also found necessary to protect the interfe rorneter by
a large box from air currents .

B. FRINGE VISUALIZATION TECHNIQUE

In the final experiments , the interferometer fringes were viewed by a

rotating mirror scanner and a. single-point, liquid-nitrogen-cooled In -Sb
detector in the exi•t plane of the in terferometer .  The three-sided rotating
mirror was running freely at 2800 rpm, scanning the entire fringe pattern,

perpendicular to the fr inges , in about 100 p.sec with a repetition rate of one
scan every 7. 14 msec. A t ransducer  attached to the rotating mirror  pro-
duced voltage pulses that were synchronized with the faces of the mirror.

These pulses were used to trigger an oscilloscope (OSCI in Fig. 3)
and also to define the time position of the mirror  scan by displaying them on
oscilloscope OSCI , which was swe pt at 10 msec/div.

The sawtooth voltage of oscilloscope OSCI was amplif ied by a hi gh-voltage
• amplifier (Burlei gh HV-70) and then used to drive the PZT mi r ro r  of the

• probe laser cavity . The amplification of the high-voltage amplifier was ad-
justed such that the laser was swept through one free spectral range during
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one sweep of oscilloscope OSCI . A room~ te m p er a t u re  I n - A s  detector , also

displayed on oscilloscope OSC I , monitored the power  output  from the laser .

Two strong dips in the laser  powe r ou tpu t  marked  the j u m p  from one cavity

mode to the next one . The dis tance between the powe r dips is a m e a s u re  of the

effective free spectral range of the laser. By means of the bias offset  volt-

age of the high-voltage amplifier, the laser power sweep could be manually

centered with respect to the sweep of oscilloscope OSCI .

A second output of the high-voltage amplifier , producing a voltage of

1/100 of the PZT driver voltage , was fed to one channel of the dual-channel

amplifier of a second oscilloscope (OSCZ in Fi g. 3). There i t  was added to

the signal derived from detector D2, which viewed the fringe pattern b ehind

the rotating mirror.

W hen both osc i l loscopes  ar~- r un at the same S~~VCep speed of 10 m sec / d i v,

a stee p ramp func t ion  wi th  f o u r t e e n  l O O - ~~sec sp ikes produced  b y the

fr ing e scan dete ctor , D2 , is seen on oscilloscope OSC2.  If the sweep of
Oscilloscope 2 is reduced to 20 ~isec/div and oscillo scope OSC2 is trigi~ercd

internally by the “marker ’ signals preceding each fringe scan, all of the

14 f r inge  scans made by the rotating mir ror  during one laser sweep can be

made to appear simultaneously on the face of oscil loscope OSC2 . The scans

a re  di sp layed v e r t i c a l  f r o m  each other b y the PZT ramp vol tage . In Fig. 1 la ,

which will be discussed in detail later , a typical f r inge  scan obtained in this

way is shown. For fu ture  reference and to increase the clarity of this dis-

cu ss ion , the relevant sett ings of the two oscilloscopes are g iven in Table 3.

• The signals fro m the two detectors were amplified 30 times by two

identical dc amplifiers with a bandwidth of about 30 kflz before displaying

them on the oscilloscopes.

4 -2 5-
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Table 3. Oscilloscope Settings for Fringe Display

TRIGGE R PREAMPLIFIE R T7ME BASE A

Oscilloscope AC , INT Type CA , Mode CHO P SINGLE SWEEP
OSCZ , 435A Level ÷ Channel A 0. 5 V/cm or NORMA L,

Slope = + AC , CAL 10 rnsec/cm,
Channel B = 2 V/cm UNCAL

AC , CAL

Oscilloscope AC , tNT Type CA , Mode = ADD NORMA L,
OSC1, 435A Level + Channel A IV/crri 20 ~sec/cm,

Slope = + AC , CAL CAL
Channel B 0. 5 V/cm

DC, UNCAL

~26-
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IV . EXPERIMENTAL RESULTS

A. F R E Q U E N C Y  JITTER AND MODE PULLIN G OF

PROBE LASE R

• Two propert ies  (Fig. 4) of the scanning p r obe - l a se r  s t rongl y inf luence

i ts use as a light source in these exper iments :  ( 1 )  the laser mode is i ubject

to a sizable f requency  j i t te r caused by mechanical v ibra t ions  of the mirro r

mounts and ( 2) when scanning  the mode across  the ga in- l ine , mode pulling

strong ly reduces the separation between the modes and t h e r e f o r e  the avail-

able scan ning range of th e cav i ty . The gai n p ro f ile of a sing le laser line

and four  of the longitudinal cavity modes are shown in Fi g. 4. The nominal

f r ee  spectral  range , which is equal to the mode spacing, was made large by

making the cav ity length L short  to ensu re  that onl y one mode is capable of

lasing under  the g iven ga in prof i le .  Vary ing the cavity length by scanning one

• of the cavity mi r ro r s  moves the modes across  the gain line . The same thing

happens as a resul t  of the stat ist ical  var ia t ions  of the m i r r o r  spacing of the

cavity , whic h causes f r equency  j i t t e r .

The f r equency  j i t te r  of the cavity was inves t iga ted  experimentall y .  The

laser  was tuned to the des i r ed  line , and its output scanned with a confocal

etalon. The 25-cm- long,  300-MHz cavity of the confocal etalon was scanned

w ith the aid of a PZT dr iven  by the  amplified sawtooth voltage of an oscillo-

scope. The same oscilloscope was then used to disp lay the si gnal f rom a fast

detector that looked at the radiation t r ansmi t t ed  by the etalon. Two resonances

we re observed , separated by the 300-MHz f ree  spectral range of the confocal

etalon . The f requency j i t ter  of the resonance  peaks cor responds  to that  of

the laser cavity . The etalon was scanned through its free spectral range once

eve ry 10 msec . The j i t ter  was observed by opening the oscilloscope camera

for  variou s t ime durations z~t (Fig. 5). The full width at half maximum ~~
of the j i t ter  pattern , corrected for  the FWHM of the etalon of 28 MHz , is

plotted for  the nominally 500-MHz cavity of the laser as a func tion  of the ob-

servat ion time interv al in Fig . 6. Each point  in Fi g. t corresponds  to the

ave rage of 10 separate measurements .  The f r equency  j i t ter  increases

-27 -
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rap idly with increasing observation tim e and finally reaches a constant

relatively large valu e for  large t imes.  This asymptotic value is defined by

the mechanical construction of the cavity and the finite width of the gain pro-

fi le of the laser medium . The t ime interval during which the laser radiation

is viewed had to be reduced to make the f requency  j i t ter  a small fract ion of

the free spectral range. In the interfe rometer experiments , this time inte r-

val is the time the PZT m i r r o r in the laser cavity takes to scan the gain width

of the gain line . One hundred mil l iseconds was chosen as the time inte rval .

In the presen t  experiments , this scanning t ime Is limited by the speed of the

rotating m i r r o r  sweeping the f r i n g e s  and the numbe r of f r inge  scans  desired

du ring one cavity scan.  \‘~‘ith a h igher  rotational speed of the mi r ro r , it would

be possible to decrease the cavi ty  scan t ime to 10 msec, the response limit

of the PZT dr ive r , and s till be able to sample the f r inge  pat tern  2~ times

du ring each cavity scan.

Figu re 6 i n d i c a t e s  .~- i t  t he  f r e q u e n c y  j i t t e r  d u r i n g  a 100-mscc viewing

t ime i s on th e ave r age .~~~~ MH z , which  resu l t s  in a statistical scatter of the

frequency measuren i en t  in the f r i n g e  exper iments  of 22/ 500 = 5% of the nominal

f ree  spectral range of the laser cavity.

There is also a slow d r i f t  of the probe laser cavity as a result of the rmal

expansion , slow var ia t ions  of the ga in  medium , and d r i f t s  of the optical table .

• This f requency drif t  was corrected for  manually by adjus t ing  the PZT offse t

bias voltage on the scanning m i r r o r .

The laser cavity should be as short  as possible to obtain a large scanning

range of the probe laser .  The shortest  cavity length achieved was limited by

• the width of the flow duct containing the laser medium . The combinations of

cavity lengths L and medium length s I used in the experiments are g iven in

Table 4. The mediu m fills a sizable portion of the cavity, and for such

cavities, large mode-pulling effects  have to be expected.

Frequency pulling of the laser cavity modes is a consequence of the

anomalou s refract ive index of the gain medium. Modes that do not coincide

~ 3 1 -
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with the center of the gain line are pulled from their empty cavity position

v to a frequency v that is closer to line center,  which results in a reduc-
rn elf

tion of the free spectral range of an empty cavity 
~~ 

= c / Z L  to an effect ive

free  spectral rang e 
~~~eff and in a distort ion of the l inear relationship between

‘
~eff and the dr iving voltage of the scanning P7 .T.

Mode pulling can be measured  experimentally b y comparing the fre-

quency of the scanned laser cavity to a f r equency  refe rence , for  example , a

second stabilized HF laser.  Instead , it was decided to correct  the experiments

for mode pulling numerical ly. This simpler procedure will be just i f ied late r

by comparing the measured  Doppler line shapes with  calculated line shapes.

The theory of mode pulling has been invest igated by seve ral authors . 9

Since the medium of the low-power subsonic , h F  probe- laser  under  these

experimental  condit ions is Doppler  broadened and only weakly satu r ated

( the L ase r  was operated at about 1 /10  of i ts  maximum s i n g le l ine  output) ,  the

simple theory g iv en by Casperson and Yar iv t 0  should apply.

Casperson and Yar iv  derived a re la t ionship  between the empty cavity
• mode separ ation ~~ and the e f fec t ive  separat ion ~~ . In nondimensional

m elf
fo rm

- X ff = &D(x 11) (8)

• where

(In 2)
1
~
S’2 (in 2)

1/2
x = , x (9)
m 

~~
‘D m eff 

~~ D 
eff

___________________

9 D. H. Close , Phy s. Rev. 153 , 360 (1967 ) .
10 L. Casperson and A.  Yariv , Appi. Phys. Lett. 17, 2S9 (1970).
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and

~ 
cg~ (ln 2) 1/2

3/ 2  
(10)

~~

D(X ff )~ the Dawson integral, ~ v , 
~~~eff’ L, I , and 

~~~~ 
have all been defined

• previously. g 0 is the small-signal-gain coefficient at line center.

The implicit relationship, Eq. (8), for x 11 is obviousl y closely relate d

to the expression for the refractive index of a Doppler-broadened line given

earlier. The Dawson in tegra l  can be approximated by D(Xeff) Xeff 
for small

values of X ef fø  which result s in ar-i exp licit relationship for  X
eff 

ari d hence ,

eff

xm ( 11)
elf 1 + B  ‘ elf 1+ ~~

which indicates that the empty-cavity free spectral range is reduced by a

factor 1/( 1 + ~
) when the gain medium is introduced into the cavity. At the

same time, the slope of the relationship between Xeff ~ 
the effective mode fre-

quency, and Xm~ 
the nominal frequency related to the driving voltage of the

scanning PZT , is reduced b y the sam e facto r .  The effective mode frequency

X ff var ies  l inearly,  howeve r , with the driving voltage.

Values for  X and for the three cavities of the experiments are given

in Table 4. Since the frequency excursions scan a sizable portion of the gain -

line width and X ff is not small, Eq. (8) has been solved numerically. The

values for the effective mode separation and , therefore, the effective free

spectral scanning range obtained in this way are also given in Table 4 for the

three cavity configurations and the three HF lines used in these experiments.

The deviation of the movement of the mode in the medium compared to that of

the empty cavity and the linearized prediction according to Eq. (11) for one

specific configuration is shown in Fig. 7.
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Whe reas the f ree  scanning range is reduced sizabl y in these e xper iments ,

the mode movement is still ve ry close to a s traight line in f requency and

proportional to the PZT dr iv ing  voltage (Table 4 and Fig . 7).  There fo re, the

effective free spectral range was used in the evaluation of these experiments~

but the f requency  was assumed to be l inearly proportional to the PZT driver

voltage.

B. LINE-SCANNE D A BSORPTION MEASUREMENTS

The magnitude of the absorption coef f ic ien t  at line center  de te rmines

both the v alu e of the absolute r e f r ac t ive  index and the slope of the anomalous

dispersion curve at line center .  T ht .r e for c , the  f r e q u e n t  y -d e p en d en t  a b s o r p t i o n

coeff ic ient  of the th ree  lines chosen for the anomalou s dispers ion measure-

ments was determined f i r s t .  In addition , such measu remen t s  provide a simple

independent check of the free spectral range , the l inear i ty , and the mode jump -

in~z behavior  of the scannin g probe l a se r.

The experiments  were  per formed for  a range of p r e s s u r e s  of pu re h F

in the absorption cells between 0. 0~ and 10 Tor r .  At least for  the lower

pressures , it can be assumed that  the t r ans i t ions  are Doppler broadened and

that they have a Dopp ler line shape. A f requency  scan of the absorption line

should , the re fore , provide a Doppler prof i le  of known width if the scanning

of the probe laser is linear , only one mode is lasing at any one t ime , and the

• effective laser free spectral scanning range is g iven correct ly by Eq. (8) .

A typical record of an absorption measurement  of the UF P 1(7)  l ine is

g iven in Fig. 8. The upper trac e is the signal I
~

, seen by detecto r D l ’ , which

is proportional to the power output of the probe laser before en te r ing  the cell .

The lower trace is I , the power of the laser beam af ter  it pas sed th e absorption

cell as seen by detector D2 ’. Both signal s were  equal in shap e and amplitude

when no HF gas was in the cell . A small Lamb dip can be seen in the center

of 10
. The effective free spectral range calculated for  this  experiment was

‘~~eff = 458 MHz , corresponding to the shortest  cavity l isted in Table 4 and

the 10-cm-long medium. The pressure  in the absorption cell was O .4 S 8  Tor r .
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A nondimen sional plot of the variation of the measured ci’ / ci,~ = ln(I/ 10)/

In 
~
111o~o as a function of the effective frequency V ff for P1(7) and three dif-

ferent  pressures  and free scanning ranges are shown in Fi g. 9. The solid

curve is the theoretically predicted Doppler profile , which has a FWHM of

= 302 MHz at the temperature T = 297 K of the absorber.

The agreement between experiment and theory is good for all three
experiments, and this ag reement can only be obtained if the empty laser

cavity free spectral ranges of the three different cavity-medium configura-

-‘ tions of the probe laser are corrected for  mode pulling with the aid of Eq. (8).

If this correction was not made , the experimentally measured line width s
were  15 to 30% larger than the Doppler line widths predicted for  297 K. Since
there are also no apparent dicontiriuities in the measured line shape , it was

concluded that there is only one long itudin al mode lasing in the probe laser
cav ity .

The measured center-l ine absorption coefficient is shown as a func-
tion of pressure  p for  the three lines investigated in Fig. 10. The solid curves
are straight lines of slope I in the log-log plot in Fig . 10 , as should be the
case for  Doppler-broadened lines. At pressures  above 7 Torr , the data

beg in to fall below the straight lines , indicating the onset of p ressure

broadening.

Value s for  ~ 0/P ( c m  1), which were obtained by averaging ove r all ex-

perimental points for each of the three lines , and their  standard deviations

are given in Table 2. These experimental values can be compared with those
numerically predicted and given in Table 1. The agreement between mea-

sured and calculated absorption coefficient is excellent for  all three lines.

C. MEASUREMENTS OF ANO MA LOUS REFRACTiVE INDEX

Figure h a  is a typical scan of the interferorneter  f r inges .  The hori-
zontal axis represents  the distance across the f r inges; it is swept by the time
base of the oscilloscope at 20 p.5cc/cm. The vertical axis , driven by the
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Fig.  10. Absorpt ion of Three  HF Ground-S ta te  T rans i t i ons  Measured
at Line Cente r as Func t ions  of Gas P r e s s u r e  (pure h F) .
Solid lines have slope of 1.
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output of the hig h-voltage amplifier , is proportional to the PZT d r ive r  voltage ,
and , h ence , to the frequency scan of the laser. Each f r inge  scan samples the -
f r inge  po sitions at one specifi c f requency.  The vertical  axis has a total t ime
excu rsion of 100 msec. The gas p re s su re  in the absorpt ion cell was 0. .~15
Torr and the laser was tuned to the P 1(7)  line.

The oscilloscope trace is in terpre ted  in F ig .  l ib .  The f i r s t  si gna l ex-
cursion M is the t ime marker that serves as a t r i g g e r  f or  the oscilloscope and
as the r e f e r e n c e  point  agains t  which the f r i n g e  pos i t i ons  are  m e a s u r e d .  The
f r inges  are  F 1 and F , . Their  d i s tances  f rom M are  a 1 and a , . The f r i n g e
spacing is FS. The f r i n g e  disp lacement  as a funct ion  of f r eq u e n c y  caused by
the chang ing  r t - f r a c t i v e  index is c l e a r l y v i s ib l e . The dev ia t ion  of th t -  f r i n g e s
f rom some a r b i t r a r y  r e f t -  r e n c e  point is d i r t - k t l y p r o p o r t i o n a l  to the r e f r a  t i v c
index .  Two a b r up t  f r i n g e  j u m p s  a r t -  v is ible . These  j u m p s  o c cur  when
a new mode i - n t - r s  the •~a in  line of the laser  and the scan is  r epca t t - d . T he
time between the mode jumps corresponds , t he re fo re , to the e f fec t ive  f r ee
spectral  scanning range LFSR of th e l a st -r .

The evaluation of the record of Fi g.  l ib  is  shown in Fi i~. 1.~. The mea-

su red  f r i ng e  s h i f t  a - a CL~ ~v1~~i~ aCL is the c en t er  of t he LFSR , i s  nor-

mal ized  wi t h t l~ - f r i n g e - spac ing  FS to yield y. The a b s c i s s a  x i s  the PZT

voltage V - V
CL n o r m a l i z e d  with V LFSR, the vol tage c o r r e s p o n d i n g  to the

LFSR. The oscilloscope records  were  enlarged and evaluated by hand.  Points
taken f rom both f r i n g e s  F 1 and F , and f rom the prev ious  and subsequent  scans
were  included in t he  eva lua t ion .  The m a x i m u m  f r i ng e  sh i f t  is about 0. 1 f r i nge
spacings in e i the r  di rec t ion  in th i s  case.  The max imum f r i n g e  jump ~~~~~
and the slope at l ine center  (d y / d x ) 0 a re  also ind ica ted .  The reason for the

of f se t  of the  actual  line center  f rom the cen te r  of the LFSR is a small de-
tun ing  of the s c a n n i ng  cavity f rom the center  of the laser l ine .  Since all mea-

s u r e m e n t s  are relat ive, this  de tun in~ has no inf luence  on the m e a s u r e m e n t s .

The e f f e c t i v e  s cann ing  r ange  in th i s  case was 551 MHz , c o r r e s p o n d i n g

to a cav i ty  of l eng th  L ~5 . 7 cm. With such a la rge  scanning range , the two
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ext rema of the anomalous dispersion curv e, separated by 1. 2 
~~

v D = 362 MHz ,

are clearly discernible, which is not the case for  the longer laser cavities that

hav e a smaller free spectral range.  The scatter of the data points, which is

relatively large in Fig. 12, is , howeve r , less for  the longer  cavities. There-

fore , the L = 30 cm cavity was used for  most of the measurements .

The ult imate sensi tivity of the method is limited by the scatte r of the

f r i n g e  m e a s u r e m e n t s.  The scatter is the sum of the laser f requency scatter ,

the inaccuracy envolved in de t e rmin ing  the position of the f r inges , that is ,

the maxima in the oscilloscope record , and f luctuat ion s ot the PZT d r i v e r  volt-

age. This sca t te r  was measured by evaluating a f r inge  shift  record  f o r  an

empty absorption cell. The s tandard deviation of the f r inge  scatter was

~0. 01 f r i nge  spacings .  The la rges t  contributions to the scatter are probably

the inaccuracies  of the manual method of evaluating the f r inge - sh i f t  record s

and the mechanical  v ibra t ions  of the ir -iterferometer  components .

The f r i n g e - s h i f t  measu remen t s  are converted to refract ive index values

by multiply ing the maximum f r i n g e  j ump by \ / i  and the slope at l ine center

by \ 1 LFSR , w h e re  1 is  th e  len g t h  of the absorp tion  cell

- 1) (d~~\ - 
X

JU i ~“JU ‘ ‘I LFSR ~dx

The measured values for  ~ (fl - an d d~~/d v ) ,0 p lotted as funct ions  of

p ressure  for the th ree  investi gated HF absorption l ines are  given in Figs. 13

and 14.

The least squares curves throug h the data are straight lines of Slope 1

in the log-log planes in Figs.  13 and 14. The two quantitie s depend , therefore,

linearly on p res su re  as predicted by theory . The ave raged values and stan-

dard deviations of ( i / P ) ~~i( ’~ - ‘) iu  a n d ( 1 / P ) ( d f l / d \ )~,
0 

a re  also given in Table 2

for each of the three lines , where they can be compared with their  numerically

predicted values given in Table I.  The measured values are slightly larger

F-
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than the theoretical for all quantities [except the slope of the dispers ion curve

of P j ( 8 ) ] ,  which may be the resul t  of the small , but nonzero , contributions

from the neighboring lines that would be seen by the laser beam at the place

of the line unde r investigation . This contribution was neglected in the theory .

Nevertheless, the theoretically predicted value s are well within the experi-

mental scatter for all measured data.
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V. CONC LUSIONS

An interferometric technique with direct readout of the fringes in the

infrared was developed and successfully used to measure the anomalous dis-

persiori of three ground-state t ransi t ions of HF in absorption.

A small line-tunable cw HF laser was used as a monochromatic source

to illuminate a Mach- Zehnder interferometer that contained the HF absorption

cell. The cavity of the HF laser was scanned across the laser gain line by

a piezoelectrically driven mirro r and there fore  pe rmitted the investigation of

the dispersion of a corresponding absorption lin e across a large part of its

profile . The effective f ree  scanning range of the laser , corrected for mode

pulling, could be made as large as 551 MHz. The PZT mirror  was driven by

a sawtooth voltage with a sweep duration of 100 rrusec.

• 
U The desi gn of the Mach- Zehnder interfe rometer was conventional . The

absorption cell occup ied one arm of the in te r fe rometer .  The f r inges  pro-
duced by the in te r fe rometer  were  scanned with the aid of a three-face mirror

rotating at 2800 rpm and a single-point In-Sb detector .  The rotating mi r ro r

used in the present  expe r iments  permit ted the full f r inge pattern to be scanned

in 150 p .sec with a repetition rate of 140 Hz.  The f r inges  were scanned 15 to

• 20 times during one frequency scan of the laser .  The entire set of f r inge

samplings during one f requency scan was recorded on one oscilloscope face ,

and the f r inge  shif ts , which are proportional to the index of refraction , were

measured from such a record . This procedu re reduced the inaccuracies  intro-

duced into the measurements  by the hi gh-frequency jitte r of the laser cavity, 
-

leaving only a slow frequency drif t  that was corrected for by manually adjust-

ing the bias level of the PZT.

The objective is to use this technique in measurements of the anomalous

dispersion of the saturated gain lines in an HF laser, the gain coefficient of

which may be smal l  and varying in time; therefore , i t is of interest to esti-

mate the L imitations of the method .
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The time resolution of 100 msec of the fringe shift measurements is at

present limited by the rotating mirror scanner or by the number of fringe

samplings desired during one frequency scan, or both. A minimum

of ten sampling s is needed to make a reasonable reconstruction of a complete

• anomalou s dispersion curve. The sweep rate of the PZT and , hence , the

frequency scan can be reduced to 10 msec , the limit of the t ransducer .  A
rotating mirro r with an effect ive scan frequency of 1000 Hz is needed to pro-

duce ten f r inge scans during 10 msec. With a six-faceted mi r ro r , a 10 , 000-
rpm motor is required.  Mir rors  rotating at speeds faste r than this are com-

mercially available. The time resolution of the f r inge  measurements  will

then be limited by the PZT to 10 msec or 100 Hz. The sam e limit applies to

time-resolved measurements of the gain profile.

The sensitivity of the interferometer measurements  of the dispersion

is ultimately limited by the j i t ter  of the posit ions of the individual f r inges

with respect to the re ference  marke r signal . This jitter was measured by
observing the f r inges  produced by an empty absorption cell. Af te r  the usual
manual evaluation of the oscilloscope record , a standard deviation of the

fr inge positions from zero displacement of ~ y . . 11 = ~O. 01 f r inge  spacings was

found. This measurement  includes the contributions from all sources to the
j i t te r :  ( 1)  mechanical, such as vibrations of the in te r fe rometer  components,

the windows of the absorption cell , the rotating mi r ro r , and the detector in
the fringe readout ; (2 )  optical, pr imar i ly density fluctuations in the air inside
the interferometer and frequency fluctuations of the scanning laser cavity ; and

also (3) errors and inaccuracies in locating and measuring the positions of

the maxima or minima of the fringe records. Nevertheless, the measured

absolute scatte r of 2/100 of a wave at 2.7 urn is five times better than that

quoted for measurem ents with a Mach- Zehnder interferometer in the visible.

The reason is, of course, that with the jitter being primarily the result of

11 . .R.  W. Ladenburg and D. Bershader, ulnterfe rometry , in Princeton Series
on High Speed Aerodynamics and Jet Propulsion, Volume IX, Physical Mea- •

surements  in Gas Dynamics and Combustion, R. W. Ladenburg,  ed. ,
Princeton Univers i ty Press , Princeton , N . J .  (1954) .
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mechanical excursions of the inte rfe rometer parts , the five times longer

wave length used results in a corresponding improvement in the measurements

compared to those in the visible .

This sensitivity limit can also be expressed in terms of a centerline

small-signal-gain coefficient of an amplifier mechanism. LI the line is

assumed to be unsatu rated , or at least uniformly saturated , the centerline

small-signal-gain coefficient g 0 and the maximu m jump of the anomalou s re-

fractive index ~~
(‘

~ 
- ~~~ associated with that transit ion are related by

4 U

0. 5381 \
- l )~~~ = 3/2  

0 g (12)

For a length 1 of the gain medium, this refract ive index change is related to

the absolute magnitude of the smallest measurable fringe shift 
~~~~~~ 

by

Z
~~MIN = - > 2 j ~~y .~~~ ( ( 13)

By the combination of Eq. (12) and (13),an expression results for the

smallest gain coefficient  for  which refract ive index measurements  can be made

3/2
0 .5382 L

Such measurements in the 17-cm mediizn~ of The Aerospace Corporation

supersonic HF laser are planned. For this device, will be

? 4 .3  X 10 3cm
1

The zero power gain in this laser device is of the order of 10%/c m , and this

method , therefore , should be sufficiently sensitive for measurements  of the
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refractive index in this medium. In fact , the method should permit

measurements even on lines tha t are weakly sat urated.

In this assessment, contribution s to the fringe scatte r by statistical

density fluctuations of the absorbing or gain medium are not considered . No

reliable measurements of the magnitude of the density fluctuations in a super-

sonic diffusion laser exist by which the size of this disturbance on the f r inges

can be predicted. Note that this method would also lend itself to a very sensi-

tive measurement of such density fluctuation s at the actual wavelength at

4 which the laser medium is being utilized.

- 52-

-4
,

-
. • • • _ •~~_ _ _ _ _ _ • ..

.
• _ • • _ • • .i. • • •• • • ~~~~~~~~~~~~~~~~~~~ 7j : :~~~~~~~~~~~~: 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. •

~~~~ 
. 

~~~~.



r - — -

~~~ 
— -

LABORATORY OPE RATIONS

Th. Laboratory Operations of The Aer ospace Corporat ion i~~ conducting

ex per imental and theoret i ca l  i nvest i gat ions n.cess ary for t he evaluat ion and

application of scl.n tiui , advanc e. to new mili tary con c epts and system.. Ve r-

sat i l i ty and flex ibility hav e been developed t i  a high degree by the laboratory

personne l in dealing with the many problems encou nte red in the nat ion , rap idly

develop ing space and missi le Sy s tem. . Expertise in the latest  sc ie n t i f i c  devel-

opment S i. vi ta l to the accompli s hment of t as k ,  re lated to these prob l.m.. The

laborator ies that contribute to th is r e s e a r c h  a r e~

Aerop hys ic. Laboratory : Launch and reentry aerodynam ics , heat trans-
fer , ree ntry phys i cs , ch emica l k i n e t i c s , structura l mechan ics . (light dy namtcs .
atmosp heric pollution, and high-power gas Iaae rs .

Chemistry and Phys ic. Laboratory :  Atmospheric react ion s and atmos-
pheric o pt ics , che mica l reaction s in pofl uted atmosp heres , chemical react ions
of exci ted spec ies in rocket plu me. , c hemical ther modyn s mic s . plasma and
laser- induced reac t i ons , laser  • hamis t ry ,  pro pulsion chemist ry ,  apace vacuum
and radiation ef fects on mater i a ls , lubr icati o n and surface phenomena , photo-
se ns i t i ve  materials and sensors , high preci aion laser  ranging, and the appl i-
cat ion of ph y s i c s  and chemistry t o  problems of law enforc ement and biomedicin e.

Electroni cs Research Laboratory : Electromagneti c theory, dev ices ,  and
propagat ion pheno mena , including plasma e lec troma g netics. quantum electronics .
lasers , and electro-opt ics;  communicat ion sciences,  app lied electronics , semi-
co nduct ing, su perconducting, and c rys ta l  des ice  ph ys i cs , optical and acoustical
imaging; atmosp heric pollution millimeter wave and fa r -  infrared technology.

Materials Sc iences  Laboratory : Develo pment of new mater ials;  metal
matrix composites and new forms of carbon ; test  and e~ a luat io n of grap hite
and ceramics  in reent ry ;  spacecraft materials and electronic compo nents in
nuclear weapons environment ; app lication of f racture mec hanics to s t ress  cor-
rosion and fatigue -induced f rac tu res  in st ructura l  metals . U

Space Sciences Laboratoqr: Atmospher ic and ionosp her i c  physic . , radia-
tion from the atntoaphere , dens ity and compos it ion of the atmosp here . aurorae
and airgl ow; magnetospheri c phys ics , co s m ic rays , generat ion and pro pagati on
of p laama waves  in  the magnetosp here;  solar phys ics , stu dies of solar magnetic
f Ields; spare astronomy, x - r a y  astronomy; the e f f ec t s  of nuclear explosions .
ma gnetic storms , and solar act iv i ty on the earth’ s atmos phere . ionos pnere , and
magnetosphere; the ef fects  of optical , electromagnetic , and particulate radia-
tions in space on space s ys tems .

THE AEROSPACE CORPORATION
El Segundo, California
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